Ancient genomic DNA sequences from extinct species can help reveal the process of molecular evolution that produced modern genomes. However, the recovery of ancient DNA is technologically challenging since ancient DNAs are degraded, mixed with microbial contaminants and individual nucleotides are often chemically damaged (1, 2) . Ancient nuclear DNA fragments containing unique gene sequences are usually present in too few copies to be amplified by PCR. In addition, ancient remains are invariably contaminated with modern DNA, which amplifies efficiently compared to ancient DNA and therefore makes it difficult to distinguish between ancient and modern genome sequences (1, 4, 5, 7) . These factors have limited most previous studies of ancient DNA sequence to PCR amplification of mitochondrial DNAs (3) (4) (5) (6) (7) . In exceptional cases, small amounts of single-copy nuclear DNA have been recovered from ancient remains less than 20,000 years old obtained from permafrost or dry desert environments, which are well suited to preserving ancient DNA (8) (9) (10) (11) . However, the remains of most ancient animals, including extinct hominid species, have not been found in such environments.
To circumvent these challenges, we developed an amplification-independent direct cloning approach to constructing metagenomic libraries from ancient DNA ( Figure   1 ). Ancient remains are obtained from natural environments in which they have resided for thousands of years and any extracted DNAs will be a mixture of genome sequence from the ancient organism and sequences derived from the environment. A metagenomic approach, in which all genome sequences in a particular environment are anonymously cloned into a single library, is therefore a potentially powerful alternative to the targeted PCR approaches that have been used to recover ancient DNAs. We chose to explore this strategy using extinct cave bear instead of an extinct hominid to unambiguously assess the issue of modern human contamination (1, 2) . In addition, due to the close evolutionary relationship of bear and dog, cave bear sequences in these libraries can be identified and classified by comparison to the available, annotated dog genome. The phylogenetic relationship of cave bear and modern bear species has also been inferred from mitochondrial sequence, providing the opportunity to compare the phylogenetic information content of cave bear mitochondrial and genomic DNA (3, 6, 12) .
We extracted DNA from a cave bear tooth recovered from Ochsenhalt Cave, Austria and a cave bear bone from Gamssulzen Cave, Austria, dated at 42,290 (+970/-870) and 44,160 (+1400/-1190) years before present (BP) respectively by accelerator mass spectrometry radiocarbon dating (Table S1 ). We used these ancient DNAs to construct two metagenomic libraries, designated CB1 and CB2 (Figure 1; 13) . These libraries were constructed in a laboratory into which modern bear DNA has never been introduced. Ancient DNAs were blunt end-repaired before ligation but were otherwise neither enzymatically treated nor amplified. We sequenced 9035 clones (1.06 Mb) from library CB1 and 4992 clones (1.03 Mb) from library CB2. The average insert sizes for each library were 118 bp and 207 bp respectively. We compared each insert in these libraries to GenBank nucleotide, protein and environmental sequences, and the July 2004 dog whole genome shotgun assembly, by using BLAST with an expect value cutoff of 0.001 and a minimum hit size of 30 bp (14, 15) . 1.1% and 5.8% of clones in library CB1 (Fig 2A) and library CB2 (Fig 2B) , respectively, had significant hits to dog genome or modern bear sequences. Our direct cloning approach produces chimeric inserts, so we defined as candidate cave bear sequence only that part of the insert that had a hit to dog or bear sequence. For the 389 clones with significant hits to carnivore sequence, the average hit was 69 bp long and covered 51% of the insert (16) . BLAST hits to the dog genome from libraries CB1 and CB2 were on average 92.4% and 92.3% identical to dog. To confirm that these sequences were indeed cave bear, we designed primers against 124 putative cave bear sequences and successfully amplified and sequenced 116 orthologous sequences from modern brown bear. All 116 of these modern bear sequences were at least 97% identical to their cave bear orthologs, verifying that all or nearly all of the carnivore sequences in both libraries are genuine cave bear genomic sequences. Only 6 of 14,027 sequenced clones had an insert identical to modern human genomic DNA ( Figure 2, A and B) . The average BLAST hit length to the human genome for these clones was 116 bp, and the average hit covered 76% of the insert. Although we cannot establish a formal insert length or insert coverage threshold that differentiates between ancient and modern inserts due to the limited number of modern sequences we obtained, these values are significantly greater than the corresponding values for clones with cave bear sequences (p < 0.05 for the difference in both average clone length and average insert coverage calculated by twotailed t-test). This result suggests that it may be possible to discriminate between inserts Constrained sequences are slightly overrepresented in our set: only 1.7% of bases in the dog genome assembly are annotated as RefSeq exons, and ~10% of the cave bear sequences we obtain appear to be constrained overall, versus an estimated 5-8% in sequenced mammalian genomes. (19). This discrepancy may be due to our use of BLAST sequence similarity to identify cave bear sequences, an approach biased in favor of more constrained sequences. Nevertheless, coding sequences, conserved noncoding sequences and repeats appear in both cave bear genomic libraries at frequencies roughly proportional to what has been observed in modern mammalian genomes To determine whether the cave bear sequences we obtained contain sufficient information to reconstruct the phylogeny of cave bear and modern bears, we generated and aligned 3201 bp of orthologous sequences from cave bear and modern black, polar and brown bears and estimated their phylogeny by maximum likelihood ( Figure 3A, 20) .
This phylogeny is topologically equivalent to phylogenies previously obtained using cave bear and modern bear mitochondrial DNA (3, 6, 12) . This result further indicates that our libraries contain genuine cave bear sequences, and demonstrates that we can obtain sufficient ancient sequences from those libraries to estimate the evolutionary relationships between ancient and modern lineages. Interestingly, the substitution rate we estimate for cave bear is higher than that in any other bear lineage. Based on results from PCR-amplified ancient mitochondrial DNAs, cytosines in ancient DNA can undergo deamination to uracil, which results in an excess of G to A and C to T (GC-AT)
transitions (21). The inflated substitution rate in cave bear is likely to be due to an excess of such events, since a large proportion of the substitutions assigned to the cave bear lineage are GC-AT transitions ( Figure 3A ). These presumably damage-induced substitutions complicate phylogenetic reconstruction and the identification of functional sequence differences between extinct and modern species using ancient DNAs.
However, these substitutions are not randomly distributed among all cave bear sequences, but are clustered on a few clones from library CB2. Thus, two clones from library CB2
have three and four GC-AT transitions specific to cave bear, an observation that is extremely unlikely given that the occurrence of true, randomly arising substitutions Table S2 ). Substitution rates, total substitutions (black) and GC-AT transitions (red) for each branch are shown.
Orthologous dog sequence was used to root the trees. Percent support for internal nodes is also shown.
on cave bear clones should follow a Poisson distribution (Table S2 ; 22). When these two clones are excluded from the analysis (Figure 3B ), the apparent substitution rate and the excess of GC-AT transitions in cave bear is drastically reduced, with little impact on substitution rate estimates in the modern bear lineages. Although we cannot distinguish individual GC-AT substitutions from deamination-induced damage, these observations provide a quantitative means to identify heavily damaged clones of ancient DNAs.
In this study we have recovered significantly greater amounts of authentic ancient mammalian genomic DNA than has ever been obtained. The cave bear metagenomic libraries we constructed yielded sufficient sequence, including gene sequences, to reconstruct a bear phylogeny consistent with that obtained from mitochondrial surveys.
In addition, our direct cloning strategy has pushed the threshold of ancient mammalian genomic DNA studies at least 20,000 years further into the past than had previously been achieved (11) . Ancient DNA sequencing programs for extinct Pleistocene species, including hominids, are therefore feasible using the metagenomic methods described here, and by revealing the phylogenomic terrain of recent mammalian evolution, these efforts should help identify the molecular events underlying adaptive differences among modern species. Table S2 . Poisson-predicted and observed distribution of C to T and G to A substitutions across orthologous cave bear and modern bear genomic clones.
Supplemental material for Table S3
The observation that the GC-AT transitions in Figure 3A are clustered on particular clones suggests that some cave bear genomic DNA fragments are more damaged than others. We hypothesized that the distribution across clones of genuine C to T and G to A substitutions between cave and modern bear sequences would follow a Poisson process. Under this expectation, most clones would have no substitution events, several clones would have one substitution, and clones with more than one substitution would be extremely rare. In this analysis we consider only those sequence differences between cave bear and modern bear that can be unambiguously assigned to the cave bear or a single modern bear lineage (including ancestral lineages). The distribution of such lineage-specific C to T and G to A substitutions in all sequenced modern bear PCR products indeed follows a Poisson distribution (Table S3 ). C to T and G to A events are also distributed by Poisson in cave bear sequences from library CB1, while two fragments from library CB2 have three and four C to T or G to A substitutions, which are extremely unlikely under a Poisson-distributed stochastic substitution model. We marked these fragments as heavily damaged and excluded them, and the modern bear sequences orthologous to them, from the alignments that generated the tree in Figure 3B .
Materials and Methods

Extraction and dating of cave bear nuclear DNAs
The cave bear DNA used to construct library CB1 was extracted as described (1), using 125mg of the tooth root and eluting the DNA in 100 µl 1x TE buffer. The cave bear DNA for library CB2 was extracted as follows. 38 g of the compact part of a femur was ground under liquid nitrogen using a freezer mill (Spex freezer mill 6750). The bone powder was incubated in 1 L buffer consisting of 0.5 M EDTA, pH 8 and 250 µg/ml proteinase-K overnight at room temperature. The supernatant was concentrated to 50 ml using the Vivaflow 200 system (Vivascience, Germany) with a polyethersulfone membrane with a molecular weight cutoff of 30,000. The DNA in the solution was purified by binding to silica in 5 aliquots of 10 ml and eluted in 50 µl 1x TE as described (1) . The number of copies of mitochondrial DNA of length 100 bp in the extract was estimated to be 60,000 copies per µl of DNA solution, or 15 million copies in the total extract, by quantitative PCR (ABI 7700, Applied Biosystems). If the ratio of mitochondrial to nuclear DNA copies is assumed to be between 1000:1 and 5,000:1 (2, 3), this amount corresponds to 12 -60 copies of nuclear DNA per microliter or 3,000 -15,000 copies (10 -50 ng) in total. Note that these numbers represent only the part of the DNA that is amplifiable by PCR and the amount of directly clonable DNA may in fact be larger.
Both cave bear bones were dated using accelerator mass spectroscopy at the Leibniz Labor für Altersbestimmung und Isotopenforschung, Christian-Albrechts-Universität Kiel, Germany (Table S1 ). All collagen fractions contained more than 1 mg carbon as recommended for AMS dating. The δ 13 C-values are in the normal range for bone samples.
Construction of cave bear DNA libraries
End-repair of ancient DNAs
Extracted ancient DNAs were end-repaired using the Epicentre End-It kit (Epicentre, Madison, WI) as follows: 60 µl of each ancient DNA extract were added to 9 µl 10x reaction buffer, 9 µl 2.5mM dNTPs, 9 µl 10 mM ATP and 3 µl enzyme mix and incubated at 25 degrees for 45 minutes. The reactions were heat inactivated at 70 degrees for ten minutes. Following the inactivation, the samples were cooled for a minimum of ten minutes on ice. Reactions were purified using the Qiagen QIAquick PCR Purification kit (Qiagen, Valencia, CA). 450 µl of buffer PB were added to 90 µl of the end-repaired sample. This volume was loaded onto a QIAquick column by centrifugation at 13,000 RPM for 1 minute. Columns were washed using 700 µl of buffer PE. The column was allowed to sit for 5 minutes with buffer PE loaded before centrifugation. Columns were then spun at 13,000 RPM for 1 minute, the flow-through was discarded and columns were spun again (13,000 RPM, 1 min) to remove residual buffer. DNAs were eluted by a 1 minute incubation with 30 µl of warm (50 degrees) elution buffer EB followed by centrifugation for 1 minute at 13,000 RPM.
Ligation of end-repaired DNAs
The end-repaired samples were blunt-end ligated into pMCL200 (http://www.jgi.doe.gov/sequencing/protocols) without any size-selection as follows: 9.8 µl of end-repaired ancient DNAs were added to a reaction mix containing 0.3 µl pMCL200 (~27.5 ng/µl), 1.6 µl 10x ligation buffer, 0.7 µl nuclease-free water. 1.2 µl T4 DNA ligase was added after these were combined in order to reduce the occurrence of vector self-ligation. After these components were combined and mixed, 2.4ul of 30% w/v PEG was added. Further mixing was done by vortexing and hitting of tubes together followed by spinning down. Multiple cycles of mixing were done to ensure thorough mixing. The ligation was incubated at 16 degrees overnight (at least 16 hours) in a water bath.
The ligation reaction was cleaned up by phenol extraction followed by ethanol precipitation. 34 µl of T0.1E (10 mM Tris-Cl, pH 8.0, 0.1 mM EDTA) was added to the 16 µl ligation reaction for a total volume of 50 µl. 50 µl of phenol was added to the sample and mixed by vortexing for 15 seconds. The phenol/sample mixture was then added to a prepared Eppendorf phase-lock tube (Hamburg, Germany). The sample was spun at 12,500 RPM for 5 minutes to separate the phases. The upper aqueous layer was removed. 1/10 volume of 1M NaCl, 2.5 volumes of 100% ethanol and 0.75 µl of pellet paint were added and the sample chilled at -80 degrees for at least 30 minutes. Precipitated samples were pelleted in a refrigerated centrifuge at 4 degrees for 20 minutes at 13,500 RPM. Pellets were washed with 400 µl of 100% ethanol, spun for 5 minutes, and dried by vacuum centrifugation without heating. Pellets were resuspended in 15 µl T0.1E by mixing on a heated shaker at 40 degrees for 15 minutes. Library Transformation and Plating 1 µl of resuspended ligation reaction was electroporated into DH10B Electromax™ cells (Invitrogen, Carlsbad, CA) using the GENE PULSER® II electroporator (Bio-Rad, Hercules, CA). Transformed cells were transferred into 1000 µl of SOC and incubated at 37 degrees in a rotating wheel for 1 hour. Cells (5-50 µl) were spread on 22 x 22 cm LB agar plates containing 20 µg/ml of chloramphenicol and 50 mg/ml of x-gal. Colonies were grown for 16 hours at 37 degrees. Individual white recombinant colonies were selected and picked into 384-well microtiter plates containing LB/glycerol (7.5%) media containing 20 µg/ml of chloramphenicol using the Q-Bot™ multitasking robot (Genetix, Dorset, U.K.). To test the quality of the library, 24 colonies were directly PCR amplified with pUC m13 -28 and -40 primers using standard protocols. For details on production sequencing protocols see http://www.jgi.doe.gov/sequencing/protocols/.
Characterization of cave bear libraries
CB1 and CB2 library clones were assigned to the categories shown in Figure 2A by a hierarchical process. Any clone with a significant hit (as defined in the text) to the dog genome or to modern bear sequences was exclusively classified as a cave bear clone if it did not have a better hit to a non-carnivore sequence (defined as a longer hit than the hit to carnivore, with either a higher percent identity or a lower expect value) that overlapped the carnivore hit. Any clone with a hit to the human genome that was > 30 bp and > 98% identical was classified as human contamination and removed from subsequent analysis. Clones without significant carnivore hits were then classified according to their most significant hit in the nr database. Clones without significant hits in nr were classified according to their most significant hit in the nt database. Clones that only had hits to GenBank environmental sequences were classified as such (Figure 2A ). For clones with no significant hits to carnivore or human sequences, we only considered the best BLAST hit for each clone, without regard to other regions of the same clone that may have had weaker hits to other sequences.
Cave bear sequences were aligned to the dog genome assembly by BLAT via the UCSC Dog Genome Browser. We created a custom track in the dog genome for each dog-cave bear BLAT alignment, and determined the number of nucleotides in all custom tracks that overlapped with any predicted dog RefSeq genes or repeats using the Table Browser. To estimate the degree of conservation at each nonrepetitive, nonexonic position aligned between dog and cave bear, we used phastCons scores, which are calculated using a phylogenetic hidden Markov model applied to an alignment of human, dog, and mouse genome sequences (4) . The phastCons score for each position was obtained, and a position was considered constrained if its score was equal to or greater than 0.8.
